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Biotechnologie und Bioprozesstechnik, Graz, AustriaABSTRACT Bacterial cell division is driven by an FtsZ ring in which the FtsZ protein localizes at mid-cell and recruits other
proteins, forming a divisome. In Escherichia coli, the first molecular assembly of the divisome, the proto-ring, is formed by
the association of FtsZ polymers to the cytoplasmic membrane through the membrane-tethering FtsA and ZipA proteins. The
MinCDE system plays a major role in the site selection of the division ring because these proteins oscillate from pole to pole
in such a way that the concentration of the FtsZ-ring inhibitor, MinC, is minimal at the cell center, thus favoring FtsZ assembly
in this region. We show that MinCDE drives the formation of waves of FtsZ polymers associated to bilayers by ZipA, which prop-
agate as antiphase patterns with respect to those of Min as revealed by confocal fluorescence microscopy. The emergence of
these FtsZ waves results from the displacement of FtsZ polymers from the vicinity of the membrane by MinCD, which efficiently
competes with ZipA for the C-terminal region of FtsZ, a central hub for multiple interactions that are essential for division. The
coupling between FtsZ polymers and Min is enhanced at higher surface densities of ZipA or in the presence of crowding agents
that favor the accumulation of FtsZ polymers near the membrane. The association of FtsZ polymers to the membrane modifies
the response of FtsZ to Min, and comigrating Min-FtsZ waves are observed when FtsZ is free in solution and not attached to the
membrane by ZipA. Taken together, our findings show that the dynamic Min patterns modulate the spatial distribution of FtsZ
polymers in controlled minimal membranes. We propose that ZipA plays an important role in mid-cell recruitment of FtsZ orches-
trated by MinCDE.INTRODUCTIONBacterial division is a fundamental biological process that is
strictly regulated in time and space, and is carried out by
macromolecular assemblies whose components transiently
interact to form, toward the end of the cell cycle, a contractile
ring at mid-cell. At subsequent stages, the recruitment of
other proteins results in the assembly of the functionally
active molecular machinery that drives cytokinesis, the divi-
some. The most abundant and conserved element of the divi-
sion ring is the protein FtsZ, which in Escherichia coli is
anchored to the cytoplasmic membrane by the action of the
bitopic membrane protein ZipA and the amphitropic protein
FtsA. These three proteins assemble together to form the first
essential complex of the division machinery, the proto-ring,
which is ultimately joined by the rest of the division proteins
(1). Positioning of FtsZ, forming the Z ring at mid-cell, is
directed by the Min proteins, which oscillate from pole to
pole, blocking polymerization of FtsZ at both poles (2), and
by nucleoid occlusion (NO), which prevents polymerization
in the vicinity of the bacterial chromosome (3–5). Recently,
it was demonstrated that MinCDE oscillations are sufficient
to establish distinct concentration gradients of FtsZ assembly
to the membrane of cell-shaped compartments (6).Submitted July 22, 2014, and accepted for publication March 12, 2015.
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0006-3495/15/05/2371/13 $2.00FtsZ is a GTPase that is related to eukaryotic tubulin and,
in the case of E. coli, self-assembles, forming single-
stranded protofilaments. These protofilaments are structur-
ally flexible and tend to further associate into higher-order
polymers that are sufficiently plastic to adopt multiple ge-
ometries depending on the environment in which they are
located. These assembly reactions, linked to GTP hydroly-
sis, are considered to be crucial for Z-ring function (7,8).
The detailed arrangement of FtsZ polymers in the proto-
ring is not known, but current models stress the importance
of the presence of lateral interactions between FtsZ protofi-
laments that loosely arrange to form a structure that is active
in division (9). FtsZ has no intrinsic affinity for phospholipid
bilayers and is anchored to the cytoplasmic membrane
through the interaction of its carboxy-terminal region with
the other proto-ring proteins, ZipA and FtsA (10,11). Appar-
ently, both of these proteins can support the attachment of
FtsZ to the membrane, but no localization of FtsZ at the
membrane occurs if both are absent (12,13). FtsA is an
actin-like amphitropic protein with a short amphipathic he-
lix that is thought to mediate its association with the mem-
brane (14). ZipA contains a short amino-terminal region that
is integrated in the membrane and connected to the carboxy-
terminal FtsZ-interacting domain by a flexible, unstructured
linker region (15). It is known that ZipA protects FtsZ from
degradation by the protease system ClpXP, suggesting ahttp://dx.doi.org/10.1016/j.bpj.2015.03.031
2372 Martos et al.specific function of ZipA in proto-ring stability, as this role
cannot be fulfilled by FtsA or the gain-of-function FtsA*
mutant (16,17).
The Min system comprises three proteins (MinD, MinE,
and MinC) that oscillate between the cell poles. Together,
MinD (a reversibly membrane-bound ATPase) and MinE
(MinD’s ATPase activator) account for the dynamic
behavior of the system, which arises from self-organization
and exchange of protein subunits between the membrane
and the cytosol (18,19). As a result of the oscillations, the
concentration of membrane-bound MinC (an inhibitor of
FtsZ assembly), which is passively transported with the
wave, exhibits a time-averaged local minimum at mid-
cell, where it targets the formation of the Z ring (20,21).
Although there is evidence that inhibition of Z-ring assem-
bly by MinC occurs through the disassembly of FtsZ fila-
ments and the decrease of lateral contacts between the
filaments in the presence of MinC (22–24), the impairment
of membrane attachment, specifically the FtsZ-ZipA inter-
action, has also been suggested to play a role in this
process (25).
Because the assembly of the proto-ring complex in vivo
takes place at the inner bacterial membrane, investigators
have made a considerable effort to study the assembly prop-
erties of FtsZ and its interaction with companion proteins in
reconstructions of the proto-ring on biomimetic membrane
systems (26–28). Among these systems, supported lipid bi-
layers (SLBs) are well suited for investigating the reactivity
(i.e., dynamic interactions) and the membrane structural
organization of division proteins by surface-sensitive imag-
ing techniques under biochemically controlled and well-
defined experimental conditions (29–31).
Studies employing this bottom-up strategy showed that
FtsZ polymers bound to SLBs through a soluble variant of
ZipA, lacking the transmembrane region, formed two-
dimensional networks that retained their capacity to dynam-
ically restructure, as revealed by atomic force microscopy
(AFM) (32–34). Reconstituted copolymers of wild-type
FtsZ and a variant form containing a membrane-targeting
sequence from MinD (FtsZ-YFP-mts) were found to prefer-
entially align along the surface of microstructured SLBs,
with curvatures similar to the those of the inner face of
E. coli cells, as visualized by AFM and total internal reflec-
tion fluorescence microscopy (TIRFM) (35). Similarly, the
Min proteins were found to assemble in wave-like patterns,
powered by ATP hydrolysis, that travel across the mem-
brane surface of SLBs (36). This wave-like behavior ex-
hibits many features of the Min oscillations observed
in vivo (37–39).
In this work, we co-reconstituted the essential division
FtsZ protein and the site-selection MinCDE complex from
E. coli on SLBs containing full-length ZipA, which confers
membrane tethering to FtsZ. We followed events occurring
on the membrane surface in real time by confocal fluores-
cence microscopy. In particular, we addressed the questionBiophysical Journal 108(9) 2371–2383of how the propagating Min waves can modulate the dy-
namic reorganization of FtsZ polymers when tethered to
the membrane by ZipA. This work complements previous
studies in which artificial membrane anchors were em-
ployed. Specifically, we explored the influence of ZipA sur-
face density and crowding-induced formation of high-order
FtsZ polymers on the coupling of the two systems.MATERIALS AND METHODS
Materials
Reagents, salts, and buffer components were purchased from Sigma,
Merck, and Invitrogen. E. coli polar lipid extract was obtained from Avanti
Polar Lipids (Alabaster, AL). All reagents were of analytical or spectro-
scopic grade.Protein purification and labeling
The proteins used in this work were overproduced, purified, and fluores-
cently labeled essentially as previously described (FtsZ (40), ZipA (41),
His-tagged MinC, eGFP-MinC (eGFP-MinC fusion protein), MinD, and
MinE (36,37)). The degree of labeling of the proteins was typically
0.5–0.7 mol fluorophore/mol protein. The dynamic behavior of the Min
proteins, as characterized by velocity, wave period, and wavelength, was
essentially the same regardless of the ratio of unlabeled and labeled proteins
used.Small unilamellar vesicles
E. coli polar extract in chloroform was dried by nitrogen flow for 30 min
and kept under vacuum for another 2 h to remove organic traces. Multila-
mellar vesicles (MLVs) were obtained upon hydration of the dried film in
SLB buffer (50 mM Tris-HCl, 150 mM KCl, pH 7.5). Small unilamellar
vesicles (SUVs) were obtained after a 10 min sonication of the MLVs.ZipA proteoliposomes
Full-length purified ZipA was reconstituted in E. coli polar extract lipo-
somes according to the standard method described by Rigaud and Le´vy
(42). Briefly, a fraction of purified ZipA was solubilized in 0.2% Triton-
X100. The mixture was added together with E. coli polar extract SUVs
described above already solubilized with Triton-X100 (1.5 detergent/lipid
molar ratio) and then incubated for 1 h at 4C under mild stirring. The deter-
gent was removed gradually in four successive dialysis treatments (2 h at
4C each). In each dialysis step, 10 mg BioBeads (Bio-Rad) per milligram
of Triton-X100 was added. After complete detergent removal, the reconsti-
tuted proteoliposomes were fractionated and stored at 80C. To quantify
the ZipA/lipid ratio of the proteoliposomes prepared, we used in parallel the
methods of quantification of inorganic phosphorus (43) and BCA assay
(Pierce) to quantify the amount of lipid and protein, respectively.SLBs and ZipA-containing bilayers
SLBs and ZipA-containing bilayers (ZipA-SLBs) were obtained by vesicle
fusion from SUVs or proteoliposomes, respectively, on a glass surface (44).
Thus, a 1 mg/mL suspension of SUVs or proteoliposomes in SLB buffer
was added to a glass-bottom chamber together with 2 mMCaCl2 to promote
vesicle fusion and deposition of the bilayer. The preparations were incu-
bated at 38C for 20 min and then washed with the same buffer to remove
nonfused vesicles. Exchange of the SLB buffer for the Z buffer (50 mM
Min-FtsZ Waves in Bilayers with ZipA 2373Tris-HCl, 500 mM KCl, 5 mM MgCl2, pH 7.5) was carried out in a final
washing step. The final volume of the samples was 200 mL. The surface
density of ZipA (rZipA) in these bilayers could be controlled by varying
the ZipA/lipid ratio on the proteoliposomes. The rZipAvalues corresponding
to the ZipA-SLBs used in this work are summarized in Table 1. Fluores-
cence recovery after photobleaching (FRAP) experiments on ZipA-SLBs
containing ZipA-Alexa488 revealed that the reconstituted ZipA remained
immobile and evenly distributed in the SLBs. The fluorescence intensity
of ZipA in the bilayers did not recover completely after photobleaching
(data not shown), most probably due to interactions of the ZipA molecules
with the glass support underneath hindering diffusion. The dynamics of the
Min system did not affect the spatial distribution of ZipA, which, as
mentioned above, remained evenly distributed in these bilayers. This was
also the case when the Min system and FtsZ were co-reconstructed on
the same bilayer.Self-organization assays
Self-organization of Min proteins on ZipA-SLBs was conducted in Z buffer.
The experimental concentrations in the assays described in this work were
0.75 mM MinD and 0.75 mM MinE (with or without 0.06 mM MinC) con-
taining ~40% of labeled proteins and supplemented with 2.5 mM ATP. The
experiments were carried out at 23C. For the coupling assays, Min proteins
were incubated on ZipA-SLBs, and then 2 mMFtsZ (15% labeled FtsZ) was
added along with 3 mM GTP, 1 U/mL acetate kinase, and 15 mM acetyl
phosphate (Sigma) (enzymatic GTP-regenerating system as previously
described (45)). In the crowding assays, samples containing preassembled
FtsZ networks on ZipA-SLBs were supplemented with Ficoll70 at the cor-
responding concentrations. Control experiments precluded the addition of
an oxygen-scavenging system, which is commonly used to improve dye sta-
bility, as unspecific bundling of FtsZ on ZipA-SLBs occurred in the pres-
ence of 0.7 mM of glucose oxidase (Fig. S1 in the Supporting Material).Imaging
Image acquisition was performed on a Zeiss (Jena, Germany) LSM780
confocal laser scanning microscope equipped with a Zeiss Plan-Apochro-
mat 40/NA 1.2 W corr and Plan-Apochromat 20/NA 0.8 objectives.
Image processing and analyses were carried out with ImageJ (http://rsb.
info.nih.gov/ij/). Images were colored in red and green, respectively, to
facilitate identification of the labeled protein. The FtsZ waves were quanti-
fied by a modulation parameter, m, defined as the relative difference
between the maximum and minimum fluorescence intensity measured
within the wave: m ¼ (Fmax  Fmin)/Fmax (see Fig. S2). Measurements
were taken using the 633 nm laser line at 0.8% laser power in the
photon-counting mode. The m values presented correspond to the mean
values of at least four independent experiments.FRAP
The half-time turnover (t1/2) of FtsZ subunits attached to ZipA-SLBs were
obtained from FRAP measurements on the surface of the bilayer for theTABLE 1 Five different surface densities of ZipA (rZipA)
reconstructed in our ZipA-SLBs
ZipA/lipid (molar ratio) 1:1200 1:1600 1:2500 1:4500 1:5500
Distance between two
ZipA molecules (nm)
30 35 43 58 64
ZipA content (molar %) 0.083 0.062 0.040 0.022 0.018
For each condition assayed, the number of lipids per ZipA molecule in the
bilayer, the theoretical average distance between two ZipA molecules, and
the ZipA content in the bilayer (molar %) are displayed.different samples. Since ZipA remained immobile in these bilayers
(ZipA-SLBs), fluorescence recovery after bleaching in these samples was
just due to exchange of FtsZ monomers with the solution. For the bleaching
experiments, a Zeiss Plan-Apochromat 40/NA 1.2 W corr objective was
used. After a time series of prebleaching images was recorded, a circular
area of 5 mm diameter (region of interest) on the bilayer was photobleached
by 30 iterations of the 633 nm laser under 100% laser power. Recovery of
the bleached area was monitored at 0.8% laser power for 2 min. The fluo-
rescence recovery curves were corrected and normalized for the bleaching
caused by imaging and then fitted by a single exponential curve: I(t) ¼
A(1  e  kt), where I(t) is the fluorescence of the bleached region at
time t, A is the mobile fraction, and t1/2 ¼ ln2/k. The t1/2 values presented
correspond to the mean values of at least three independent experiments
(see Fig. S3 A).Image correlation
A sequence of images of ZipA-SLB with FtsZ under variable conditions
(described in the text) was acquired with the Zeiss LSM 780 microscope.
Typically, 400 images with pixel size 0.208 mm, 256  256 pixels, and
0.243 s per image were recorded. The correlation g(t) between the fluores-
cence intensities in the same pixel with a time difference of twas calculated
as (46)
gðtÞ ¼ 1
nij
X
ij
FijðtÞFijðt þ tÞ; (1)
where Fij(t) is the intensity in the pixel (i, j), nij is the number of elements in
the sum, and the time t indexes the images in the sequence. Before correla-tion, an average image, calculated over the whole sequence, was subtracted
from all images Fij(t) to eliminate the static features in the images. The cor-
relations were found to decay exponentially and thus were fitted to a single
exponential function, with the decay of correlation characterized by the
half-time t1/2 ¼ tc ln2 (see also Fig. S3 B).Direct stochastical optical reconstruction
microscopy imaging
The FtsZ filaments on the ZipA-SLBwere imaged by direct stochastical op-
tical reconstruction microscopy (dSTORM), a high-resolution technique
based on emitter localization (47). To induce switching of the fluorescent
label, mercaptoethyl-amine (MEA) at a concentration of 15 mM was added
to the Z buffer. The sample was illuminated with a 640 nm laser in total in-
ternal reflection mode using the Zeiss Plan-Apochromat 100/NA 1.46 oil
TIRF objective. Images were recorded with an iXon Ultra DU-897U
emCCD camera. In total 20,000 frames with an exposure time of 0.05 s
were recorded, and the resulting high-resolution image was reconstructed
using rapidSTORM software (48). To create movies, 30 original images
with localized emitters were merged to create one frame, corresponding
to one frame per 1.5 s in real time.Estimation of ZipA concentration in vivo
In vivo, ZipA is found evenly distributed in the inner membrane but is
concentrated in the septum during division (49). Considering a rod-shaped
bacteria with dimensions (2  0.8) mm (50) and taking into account
that the number of ZipA copied per cell is ~1000–1500 (49,51), the esti-
mated distance between two ZipA molecules, assuming they were distrib-
uted uniformly, would be ~50 nm. This situation is compatible with an
early stage of the division process in which the Min system starts its
pole-to-pole oscillation but the Z ring is not targeted at mid-cell yet.
This value is equivalent to an ~1:3200 ZipA/lipid molar ratio or
0.03 molar % of ZipA.Biophysical Journal 108(9) 2371–2383
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FtsZ polymers anchored to lipid bilayers through
ZipA form dynamic networks
The full-length ZipA protein, which provides membrane
tethering to FtsZ, was incorporated in E. coli SLBs to repro-
duce the lipid composition found in the bacterial inner mem-
brane. The surface density of ZipA (rZipA) in these bilayers
(ZipA-SLBs) could be controlled because they were formed
by vesicle fusion of previously prepared proteoliposomes
containing a known amount of ZipA (see Materials and
Methods).
ZipA in the bilayer was found to recruit GDP-FtsZ, as re-
vealed by fluorescence confocal microscopy. Then, upon
addition of GTP, an immediate recruitment (within seconds)
of FtsZ polymers to ZipA-SLBs was observed, resulting in a
10-fold increase of the relative fluorescence intensity in the
vicinity of the membrane when compared with the signal of
GDP-FtsZ (Fig. 1, A and B). Furthermore, it was observed
that the concentration of GTP-FtsZ at the membrane
increased less than linearly with the ZipA concentration
(Fig. 1 C). The turnover time of FtsZ subunits within the
polymer network assembled (~3.6 s), as measured by
FRAP, was found to be similar to the value determined for
FtsZ protofilaments in solution (45) and much faster than
that measured for pronounced polymer bundles (24).
Thus, it can be assumed that the FtsZ network on the mem-
brane in these reconstitution assays is essentially assembled
by protofilaments tethered to the membrane via ZipA.
Together with the fast dynamics of the polymer network
(Movie S1) and the flexibility of the unstructured domain
of ZipA, this might explain why the structural organization
of the FtsZ polymers integrating the network could not be
resolved by confocal microscopy or by subdiffraction mi-
croscopy (dSTORM; Figs. 1 B and S4).Z
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FIGURE 1 Recruitment of FtsZ to lipid bilayers by the action of ZipA. (A) Ve
on SLBs with and without ZipA. No FtsZ is recruited in the absence of ZipA. Sc
the cross sections shown in A. The arrows indicate the position of the bilayer. (C
densities of ZipA. To see this figure in color, go online.
Biophysical Journal 108(9) 2371–2383Dynamic and plastic multistranded polymer networks
compatible with the ones reported here were previously
observed in experimental conditions similar to those used
in this work (32). Thicker and less dynamic FtsZ polymer
bundles were found at greater ZipA surface densities (1–8
molar % of a soluble variant of ZipA (lacking the transmem-
brane region) attached to the bilayers) and under milder salt
conditions (52), which are known to favor interactions be-
tween FtsZ polymers. This is consistent with the well-known
plasticity and polymorphic nature of FtsZ polymers. These
previous studies used high concentrations of membrane-
associated FtsZ, lower salt concentrations, and an oxygen-
scavenging system. These experimental conditions, which
are known to favor the formation of higher-order polymer
structures, may explain the discrepancies between those
studies and ours. Indeed, we confirmed the formation of
FtsZ polymer bundles in low-salt buffers using the soluble
form of ZipA attached to the bilayer at high surface density
(results not shown). On the other hand, dense filament bun-
dles of FtsZ were observed in supported bilayers when an
FtsZ chimera was used at a 1:1 molar ratio together with
wild-type FtsZ (24). FtsZ-YFP-mts bypasses the require-
ment of an external anchor by binding to the membrane
through its membrane-targeting sequence. Experiments
with FtsZ-YFP-mts recreate conditions of high surface den-
sities of the anchor in which one of every two FtsZmolecules
is membrane bound. Once in the membrane, these hybrid
protofilaments collide and anneal in thick bundles.FtsZ polymer networks anchored to the
membrane via ZipA reorganize into propagating
waves by the action of the Min system
The dynamic behavior of the Min proteins was successfully
reconstructed on ZipA-SLBs containing 0.083 molar % ofBila
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two ZipA molecules). The dynamic behavior of the Min
system observed in these experiments, as characterized
by velocity, wave period, and wavelength, was similar in
the absence or presence of ZipA (data not shown). At the
same time, neither the FtsZ binding to ZipA nor the
dynamics of the Min system affected the spatial distribu-
tion of ZipA in our assays, as it remained evenly
distributed and immobile in the bilayers (see Materials
and Methods).0 50 100 150
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FIGURE 2 Dynamic coupling of MinCDE and
FtsZ propagating waves on ZipA-SLBs. (A)
Confocal fluorescence micrographs showing
MinCDE (labeled protein: eGFP-MinC) and FtsZ
(labeled protein: FtsZ-Alexa647) waves observed
upon joint reconstruction on ZipA-SLBs. (B) Fluo-
rescence intensity profiles of MinC and FtsZ ac-
quired from the image shown in A. MinC
displaces FtsZ in such a way that the maximal in-
tensity of FtsZ coincides with the minimal signal
of MinC. Whereas MinC has a sharp concentration
maximum toward the rear of the wave, the
maximum of FtsZ is relatively broad. The FtsZ
wave observed in these conditions was character-
ized by a modulation value, m, of 0.20 5 0.01.
The arrow indicates the direction of the propagating
wave. The slopes of the FtsZ and MinC profiles are
highlighted with yellow lines. The wavelength of
this wave is 95 mm, the period is 130 s, and the ve-
locity is 0.73 mm/s. (C) Scheme of the MinC and
FtsZ profiles. FtsZ reacts almost immediately to
the decrease (times t1 and t3) and increase (times
t2 and t4) of MinC concentration on the membrane.
(D) Scheme of the derivatives of the MinC and FtsZ
profiles. The response of FtsZ to MinC during the
membrane attachment phase is somewhat slower
than that observed during detachment: MinC rea-
ches its steady state after time tc after the time point
t1, whereas FtsZ requires a longer time tz. To see
this figure in color, go online.
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2376 Martos et al.The fluorescence intensity of the propagating wave-like
pattern of FtsZ, which is proportional to the protein concen-
tration at the membrane, reaches its maximium when the
fluorescence signal of MinC is minimal, showing that oscil-
lations of FtsZ and Min are in antiphase (Fig. 2 B). Although
MinC, like MinE (36,37), has a sharp concentration
maximum toward the rear of the wave, the maximum of
FtsZ is relatively broad, coinciding with the broad minimum
of the MinC wave (Fig. 2 B). The temporal sequence of pro-
tein detachment and the shapes of the concentration profiles
of Min proteins along the wave in these experiments did not
significantly differ from the distributions previously ob-
tained in the absence of FtsZ in vitro (36).
The ability of the MinCDE system to dynamically modu-
late the dislodgement (and subsequent recruitment) of FtsZ
from (to) the membrane, i.e., the degree of coupling be-
tween the MinC and FtsZ waves in vitro, can be described
by a modulation parameter (m). It is defined as the relative
difference between the maximum and minimum fluores-
cence intensity of the FtsZ wave: m ¼ (Fmax  Fmin)/Fmax
(Figs. 2 and S2; see Materials and Methods). If the two sys-
tems were not coupled, FtsZ waves would not be observed
in the presence of MinC, resulting in a value of m equal to
zero. On the other hand, complete depletion of FtsZ in the
wave minima would correspond to an m value equal to
one. Under the conditions used in our assays (0.083 molar %
of ZipA in the bilayer), the modulation value of the FtsZ
waves was found to be 0.205 0.01, suggesting a moderate
regulation of FtsZ distribution by the Min system. The
MinC and FtsZ waves are tightly coupled in time by the
inhibitory interaction. Whenever the concentration of
MinC starts to change, either by decreasing (times t1 and
t3 in Fig. 2 C) or increasing (times t2 and t4), FtsZ reacts
almost immediately with a change in the opposite direction.
However, the increase of FtsZ is somewhat slower than the
change in MinC concentration: after the time t1 (Fig. 2, CA
75 µm
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Biophysical Journal 108(9) 2371–2383and D) MinC reaches a steady state within tc ~10 s, whereas
FtsZ requires a longer time, tz ~20 s. This slower response of
FtsZ is consistent with the response of the FtsZ network to
MinC occurring on a timescale on the order of 10 s (24). In
contrast, the opposite process—the decline of FtsZ with an
increase of MinC—is tightly coupled in duration.
The presence of MinC, the element of the Min system that
impairs FtsZ assembly, was essential in these experiments,
as FtsZ waves were not observed on ZipA-SLBs with only
MinD and MinE present (data not shown). The concentra-
tion of MinC in solution did not significantly affect the mod-
ulation value m within the range of 0.06–0.3 mM (data not
shown). Since the recruitment of MinC to the membrane
by MinD results in a great increase in the concentration at
the membrane (53), small changes in the bulk concentration
of MinC are not expected to have a big impact on the dy-
namics of the system. We consistently obtained these results
using different combinations of fluorescently labeled pro-
teins as tracers (data not shown).The modulation of FtsZ waves by MinC depends
on the ZipA concentration
We tested the recruitment of FtsZ to the bilayer in our sys-
tem by reconstituting ZipA at different surface densities,
from 0.018 to 0.083 molar % of ZipA in the bilayer,
covering the estimated range of ZipA concentrations in
the bacterial membrane (see Supporting Material). Prepara-
tions containing higher ZipA concentrations resulted in the
formation of nonhomogeneous bilayers due to their high
protein content, thus precluding their use. We observed
that ZipA density modulates the above-mentioned coupling,
as evidenced by the direct correlation observed between the
modulation of the FtsZ waves and the amount of ZipA
incorporated in the bilayer (Figs. 1 C and 3, A and B).
The wave modulation is stronger at higher ZipA densities,0.0
83
 %
0.0
62
 %
40
 %
FIGURE 3 Effect of ZipA surface density on mod-
ulation of the FtsZ waves mediated by the Min sys-
tem. (A) Confocal fluorescence micrographs
showing FtsZ waves (traced by FtsZ-Alexa647) on
bilayers with different surface densities of ZipA
(ZipA content as molar %). (B) Modulation of the
FtsZ waves, m, depending on the surface density of
ZipA on the membrane (C). The data shown corre-
spond to the mean values of at least four independent
experiments plotted with the corresponding standard
error. The line shows the fitting of the proposed
model to the experimental data. The fit parameters
were k2/k2 ¼ 10.1  103 lipid, k1/k1 ¼ 1.89.
Fig. S6 B shows the concentrations bi of FtsZ fila-
ments anchored with i ZipA molecules for this fit.
To see this figure in color, go online.
Min-FtsZ Waves in Bilayers with ZipA 2377suggesting that the interaction of FtsZ with the membrane is
modified in such a way that makes it more susceptible to the
action of MinC.
The increase in wave modulation with the ZipA concen-
tration observed in our experiments suggests that the struc-
tural organization of membrane-tethered FtsZ and/or its
interaction with ZipA is modified at higher concentrations
of ZipA. This leads to an increased susceptibility of FtsZ
to MinC at the membrane. In addition, the experiments
show that the FtsZ concentration at the membrane increases
less than linearly with the ZipA concentration (Fig. 1 C).
One plausible explanation for this is that at higher ZipA den-
sities, single FtsZ filaments are anchored to the membrane
by several ZipA molecules, bringing them closer to the
membrane and therefore increasing their rate of encounters
with membrane-bound MinC (Fig. S6 A). This idea leads to
a model based on the following reactions:
ZipAþ FtsZ
k1
4
k1
FtsZ1 (2)
k2
ZipAþ FtsZi4
k2
FtsZiþ1: (3)
Free ZipA binds FtsZ from the solution (with a rate constant
k1) to form FtsZ complexes anchored to the membrane with
one ZipA molecule (species FtsZ1, concentration b1). FtsZ
can also dissociate from ZipA (with a rate constant k  1) re-
sulting in its dislodgment from the membrane. Additionally,
FtsZ anchored to the membrane with i ZipA molecules (spe-
cies FtsZi, concentration bi) can either bind one more ZipA
(with a rate constant k2) to form FtsZ complexes anchored
with i þ 1 molecules, or dissociate one ZipA (with a rate
constant k  2) to form FtsZ anchored with i  1 molecules.
The total concentration of ZipA on the membrane is z0 and
the concentration of free (not bound to FtsZ) ZipA is z, with
the rest of ZipA being bound to FtsZ. The following rate
equations then describe the system:
_b1 ¼ k1z k1b1  k2b1zþ k2b2 (4)
_bi ¼ k2bi1z k2bi  k2bizþ k2biþ1 (5)_bN ¼ k2bN1z k2bN (6)XN
z0 ¼ zþ
j¼ 1
jbj; (7)
where N is the maximum number of ZipA molecules bound
to one FtsZ filament (limited by the filament length). We
assume steady state, with all time derivatives on the left
side set to zero. The total concentration of membrane-bound
FtsZ b is thenb ¼
XN
j¼ 1
bj; (8)
and the FtsZ fluorescence on the membrane is proportional
to b: F ¼ ab (Fig. 1 C). The FtsZ filaments with more ZipA
anchors will be more susceptible to MinC (we can assume
that the susceptibility of a filament will be directly propor-
tional to the number of its ZipA anchors). The susceptibility
of all of the bound FtsZ will then be proportional to
PN
j¼1
jbj,
and the wave modulation m will be proportional to the frac-
tion of susceptible FtsZ relative to the total FtsZ:
m ¼ m0
PN
j¼ 1jbj
b
: (9)
Fitting this model to our data, the dependencies of FtsZ in-
tensity on the membrane (Fig. 1 C) and FtsZ wave modula-
tion (Fig. 3 B) show that this model can describe our main
experimental observations, i.e., that the FtsZ concentration
increases less than linearly with ZipA (Fig. 1 C), and the
FtsZ wave modulation increases with ZipA (Fig. 3 B).
Fig. S6 B shows the concentrations bi of FtsZ filaments
anchored with i ZipA molecules for this fit.
Notably, we found that alternative schemes to explain the
Min-FtsZ coupling did not describe our experimental obser-
vations. One of them assumes that MinC could have a
maximum capacity of FtsZ that it can remove from the
membrane during the pass of the wave. This would mean
that always the same amount of FtsZ would be removed,
regardless of the total amount of FtsZ on the membrane.
This would lead to decreasing modulation m with higher
ZipA, which is the opposite of what was observed in this
work. Another possibility is that MinC is able to remove
FtsZ from the membrane with an effective rate proportional
to the concentrations of both MinC and FtsZ. In this case,
always the same fraction of FtsZ would be removed inde-
pendently of the ZipA concentration, resulting in a constant
wave modulation m, which again does not describe the
experimental observations.
The anchoring of FtsZ to the membrane through ZipA
was required for the formation of anticorrelated FtsZ and
MinCDE patterns. In the absence of ZipA, a small fraction
of FtsZ was found to be transported within the MinCDE
wave, giving rise to distinct correlated MinCDE and FtsZ
patterns (referred to as MinCDE-FtsZ waves; Fig. 4). In
contrast to the FtsZ waves in the presence of ZipA
(Fig. 2), in its absence the FtsZ profile is correlated with
the MinC profile (Fig. 4). Although the MinC and MinD
profiles are similar, when compared with the FtsZ profile
without ZipA, FtsZ is closer to the MinC wave than to the
MinD wave (Fig. S5). The maxima of the FtsZ profile on
these MinCDE-FtsZ waves are ~4-fold less intense than
the maxima reached by FtsZ waves on ZipA-SLBs. In thisBiophysical Journal 108(9) 2371–2383
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FIGURE 4 ZipA is required for the anticorre-
lated coupling of MinCDE and FtsZ. (A) Confocal
fluorescence micrographs showing MinCDE-FtsZ
waves (labeled proteins: eGFP-MinC and FtsZ-
Alexa647) observed upon joint reconstruction on
bilayers without ZipA. (B) Fluorescence intensity
profiles of MinC and FtsZ acquired from the image
shown in (A). In the absence of ZipA, a small frac-
tion of FtsZ was found to be transported with the
MinCDE wave by binding to MinC. In contrast to
the situation described for ZipA-SLBs, where anti-
correlated FtsZ and MinCDE patterns were
observed, here FtsZ colocalizes with MinC, match-
ing its profile. To see this figure in color, go online.
2378 Martos et al.situation, where ZipA is not present in the bilayer to tether
FtsZ, the colocalization of MinC and FtsZ might indicate a
weak transient interaction between MinC and GTP-FtsZ (no
patterns were observed in the presence of GDP).Crowding enhances the coupling of membrane-
anchored FtsZ polymers to Min waves
High concentrations of biochemically inert macromole-
cules, such as Ficoll, have commonly been used to simulate
the natural crowding conditions found on the cytoplasm of
E. coli. In the case of FtsZ, Ficoll70 is known to promote
the formation of dynamic, multistranded FtsZ polymer
networks resulting from lateral interactions between proto-
fibrils, which are thermodynamically favored in crowded
environments because they occupy less of the total volume
(45,54). As expected, bundles of FtsZ fibrils on ZipA-SLBs
were found in the presence of high concentrations of
Ficoll70 (Fig. 5). The addition of this crowding agent
retarded the exchange of FtsZ subunits within the mem-
brane-tethered polymer by up to 3-fold when compared
with the exchange measured in the absence of Ficoll
(see above), as revealed by FRAP and correlation measure-
ments (Figs. 5 C and S3). The slowdown of the subunit
turnover within the network by the increase of Ficoll70Biophysical Journal 108(9) 2371–2383illustrates the formation of higher-order structures in a
Ficoll-dependent manner, being compatible with the values
previously measured in solution (45,55). At the same time,
the effect of Ficoll70 on the Min wave propagation was
addressed. In the presence of increasing amounts of this
crowder, both the wavelength (l) and velocity (n) of the
Min waves decreased, whereas the period (T, T¼ l/n) re-
mained practically independent of Ficoll70 (~100 s;
Fig. S7). This effect can be tentatively linked to the lower
diffusion coefficient of the Min proteins at higher Ficoll70
concentrations.
The turnover rate of FtsZ at ~135 g/L Ficoll70 was
found to be ~9 s, which is similar to the half-time of recov-
ery of the bleached FtsZ region at the Z ring measured
in vivo (55). Above this threshold concentration of
Ficoll70, high-order FtsZ dynamic polymer filaments and
networks were thick enough to be resolved by fluorescence
confocal microscopy (Fig. 5, A and B). Under these condi-
tions, which maximize the lateral interactions between
FtsZ fibers, the modulation of the membrane-tethered
FtsZ waves by MinC was substantially enhanced (m ¼
0.55 5 0.01) when compared with the coupling between
the two systems measured in the absence of crowders
(m ¼ 0.20 5 0.01) (Fig. 6; Movie S2). As noted above,
the presence of crowders enhances the lateral interactions
FIGURE 5 Confocal microscopy analysis of
crowding-induced FtsZ assembly in ZipA-SLBs.
(A) Confocal fluorescence images showing FtsZ
networks formed on ZipA-SLBs in the presence
of 0, 50, 130, and 180 g/L of Ficoll70. (B) 3D
reconstruction of confocal fluorescence images
showing Ficoll-induced FtsZ bundles on ZipA-
SLBs. The image was taken at 190 g/L Ficoll70.
These dense and dynamic 3D networks localize
in solution and are connected to the bilayer by
some fibers. Frame size: 45 mm  45 mm
(4.4 nm per pixel). (C) Half-time turnover (t1/2)
of FtsZ subunits on the membrane depending on
the Ficoll concentration, as determined by FRAP
(C) and image correlation (B). Ficoll70 signifi-
cantly retards the subunit exchange within the
polymer. The dashed line is an arbitrary curve
drawn to guide the eye. The data shown correspond
to the mean values of at least three independent
measurements plotted with the corresponding stan-
dard error. To see this figure in color, go online.
Min-FtsZ Waves in Bilayers with ZipA 2379between FtsZ protofilaments, thus increasing the effective
concentration of FtsZ on the membrane. This FtsZ net-
work would contain more stretches of FtsZ not directly0 10 20 30
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FIGURE 6 Dynamic coupling of crowding-induced FtsZ polymers in ZipA-
showing MinCDE waves (traced by eGFP-MinC) and the FtsZ network (traced b
rescence intensity profiles of MinC and FtsZ acquired from the image shown in
0.555 0.01. The arrow indicates the direction of the propagating wave. See alanchored to the membrane by ZipA. Thus, the substantial
increase in wave modulation could be explained as follows:
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SLBs to Min propagating waves. (A) Confocal fluorescence micrographs
y FtsZ-Alexa647) to ZipA-SLBs in the presence of 130 g/L Ficoll. (B) Fluo-
(A). The modulation value, m, of the FtsZ observed in these conditions was
so Movie S2. To see this figure in color, go online.
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2380 Martos et al.larger fragments of FtsZ could be released upon breakage,
effectively enhancing the action of MinC, meaning that
more FtsZ would be released after the same number of
breakage events.DISCUSSION
In this work, we investigated the interaction between the
site-selection MinCDE system and two proteins that
assemble in the E. coli proto-ring (the soluble FtsZ and
the membrane-bound ZipA) in lipid bilayers as minimal
membrane systems. We found that the Min system drives
the dynamic distribution of FtsZ polymers when they are
tethered to the membrane by ZipA, as revealed by confocal
microscopy analysis, resulting in the dislodgment of FtsZ
from the membrane and the subsequent generation of FtsZ
wave-like patterns (Fig. 7 A). These rearrangements are
mediated by MinC, the element of the Min system that
acts as an inhibitor of FtsZ assembly. The dynamic coupling
between the Min proteins and membrane-associated FtsZ
polymers is facilitated by experimental conditions that
promote the accumulation of more FtsZ molecules in the
vicinity of the membrane, as an increase in the ZipA sur-
face concentration or crowding induces the formation of dy-
namic FtsZ polymer networks, leading to a relatively
stronger exclusion of FtsZ from regions in which MinC
waves reaches a maximum (Figs. 4 and 6).
The reconstruction strategy we used allowed us to inves-
tigate the influence of membrane tethering on the response
of FtsZ polymers to the action of the oscillating Min systemBiophysical Journal 108(9) 2371–2383(Fig. 7). In this way, we found that although Min-mediated
FtsZ waves are formed when FtsZ is associated to the mem-
brane through ZipA, they are not observed in the absence of
ZipA, when FtsZ is free in solution. Interestingly, in this
case, correlated MinCDE and FtsZ waves emerged in the
presence of GTP to trigger FtsZ polymerization, as further
elaborated below (Fig. 7 B).
From our results, we can conclude that the association of
FtsZ to the membrane by ZipA plays an important role in the
counter-oscillations of FtsZ polymers promoted by the Min
system. This is consistent with the Min-driven FtsZ waves
observed using a variant of FtsZ (FtsZ-YFP-mts) containing
the membrane-targeting sequence of MinD to bypass
the need for the natural proto-ring tethering proteins
(6,24,56). The interaction of FtsZ with ZipA takes place
through the C-terminal end of FtsZ (57), which also inter-
acts with the C-terminal domain of MinC (22) and other
division-related proteins (10,58), acting as a central hub to
integrate multiple interactions that modulate the assembly
of the division machinery. Our findings suggest that the
affinity of MinC (in complex with MinD at the membrane)
for FtsZ is higher than the association of FtsZ with ZipA,
thus resulting in the displacement of FtsZ polymers from
the membrane. The latter is compatible with the well-estab-
lished role of the interaction between the C-terminal regions
of MinC and FtsZ in disrupting the lateral associations of
FtsZ molecules in the polymer (22). A significant fraction
of the FtsZ subunits in the membrane-bound polymer
network will have C-terminal regions accessible for interac-
tions with MinC, allowing them to respond also to MinC andFIGURE 7 (A) Model showing the dynamic dis-
tribution of FtsZ polymers coupled to Min oscilla-
tions in membranes containing ZipA. In the Min
system, MinD and MinE govern this oscillation
behavior. MinC is a weak inhibitor of FtsZ poly-
merization that together with the membrane-bound
MinD forms an inhibitory complex, preventing
FtsZ polymers from accumulating in its vicinity.
MinE (omitted in this figure for simplicity) acts
on the membrane-bound MinCD complex and in-
duces its dissociation. In this work, the MinCDE
waves were observed by time-resolved confocal
imaging as they displaced the fluorescent signal
of FtsZ from the membrane. Thus, a maximal con-
centration of MinC correlates with a minimal con-
centration of FtsZ on the membrane. The Min-FtsZ
coupling is facilitated at high surface densities of
ZipA and enhanced by crowding-induced lateral
interactions of FtsZ polymers (for simplicity, crow-
ders are not represented here). (B) Effect of mem-
brane recruitment of FtsZ polymers by ZipA: FtsZ
waves in antiphase with the MinCDE waves are
formed when FtsZ is anchored to the membrane
through ZipA, resulting in an efficient dislodgment
of FtsZ from the membrane regions where MinC is
present. Correlated MinCDE and FtsZ waves are
found when FtsZ is not anchored to the membrane
by ZipA. To see this figure in color, go online.
Min-FtsZ Waves in Bilayers with ZipA 2381leading to a strong FtsZ coupling to the Min waves, as
occurs in the case of multistranded polymers formed in mac-
romolecularly crowded solutions.
The experiments showing that a fraction of soluble FtsZ
polymers comigrated with Min waves in the absence of
ZipA provide additional clues as to the mechanisms of inter-
action between MinC and FtsZ. These correlated MinCDE
and FtsZ waves were not found in the presence of GDP, sug-
gesting that GTP-containing FtsZ polymers, but not GDP
forms, bind to MinCD at the membrane. This behavior
may indicate that the interaction between MinCD and
GTP-FtsZ polymers at the membrane is stronger than the
interaction between MinCD and GDP-FtsZ species. Struc-
tural changes in MinC as it interacts with MinD at the
membrane may explain why MinC alone, in contrast, pref-
erentially binds to GDP-bound FtsZ (24,59).
The observations reported here strongly suggest that
ZipA may play an important regulatory role in Z-ring
placement guided by the Min system in E. coli cells. It is
known that the recruitment of ZipA and FtsA to the division
ring at mid-cell depends on FtsZ (60,61). Consistent with
our findings, one of the functions of the Min proteins may
be to couple their dynamic oscillating behavior to guide
the attachment of FtsZ to the membrane by the action of
ZipA and, to a lesser extent by FtsA, given the rapidly reor-
ganizing FtsZ polymers driven by FtsA (52).
Our results may also help to clarify some of the puzzling
features of the proposed stages in the assembly of the E. coli
proto-ring. FtsA may provide a link between FtsZ and the
membrane weaker than that conferred by ZipA, as both
the interactions between FtsA and the membrane, and be-
tween FtsZ and FtsA are thought to be weaker than the
equivalent interactions provided by ZipA. Additionally,
FtsA is displaced from the Z ring in vivo more readily
than ZipA (22). However, the initial stage of proto-ring as-
sembly may still be orchestrated by the association of FtsZ
to the membrane through FtsA if, for example, soluble FtsZ-
FtsA hetero-complexes are the ones that preferentially bind
to the membrane. In the absence of ZipA, these FtsZ poly-
mers, once associated to the membrane, would be very dy-
namic, in agreement with the coordinated streams of FtsZ
polymers and chirally rotating rings recently observed
upon the co-reconstitution of FtsZ and FtsA in lipid bilayers
(52). This observation can be reconciled with the role of
ZipA in proto-ring stabilization if after the first stage of as-
sembly, driven by FtsA, a second stage involving a compe-
tition between ZipA and FtsA for the C-terminus of FtsZ
(given the relatively stronger binding affinity for FtsZ of
ZipA) occurs, as a result of which FtsA is replaced by
ZipA in the attachment of FtsZ to the membrane. In this
way, FtsA is then free to recruit late division proteins,
such as FtsN and FtsI (62), to assemble the molecular
machinery for cytokinesis.
In line with the results described here, dynamic FtsZ
oscillations have also been observed in E. coli cells,showing a period of oscillation similar to that of the Min
proteins (56,63,64). Interestingly, in these in vivo studies
it was found that MinCDE drives the counter-oscillation
of early division proteins, such as ZipA, along with FtsZ
(56), suggesting that a fraction of ZipA moves along the
membrane with FtsZ. Our observations of anticorrelated
waves of FtsZ driven by the Min system in minimal mem-
branes, obtained under defined conditions, complement
the in vivo counter-oscillation of FtsZ along with ZipA re-
ported by Bisicchia et al. (56). The high complexity of the
cellular environment precludes us from proposing a simple
molecular description of the observed co-oscillation of FtsZ
and ZipA. Therefore, it remains to be determined whether
the observed mobility is conferred by, for example, the inter-
action between ZipA and FtsZ-GDP or even the interaction
of ZipA with other division proteins.CONCLUSIONS
The data presented here show that the bacterial division pro-
tein FtsZ, when associated to the membrane through ZipA,
assembles into antiphase dynamic patterns by the action of
the site-selection Min system. The presence of MinC is
required for the formation of the FtsZ propagating waves,
suggesting that this FtsZ-ring inhibitor, when complexed
to MinD, has a higher affinity for the central hub of FtsZ
than ZipA, resulting in the displacement of FtsZ polymers
from the membrane. The reconstruction approach adopted
here, using ZipA as a natural membrane tether of FtsZ, is
uniquely suited for exploring the impact of FtsZ membrane
attachment on Min-FtsZ coupling. In this way, we have
shown that when FtsZ is free in solution, a fraction of
FtsZ polymers comigrate with the Min waves instead of
forming the Min-mediated antiphase FtsZ waves observed
in ZipA-containing membranes or membrane-targeted
FtsZ-mts mutants. This evidence suggests that ZipA, in
addition to its role in proto-ring stability, is of central impor-
tance for the dynamic coupling between the self-oscillating
Min system and the remodeling of FtsZ polymers at the
early stages of division in E. coli, contributing to the effi-
cient selection of the division site. This study may help to
elucidate the conditions needed to generate Min-FtsZ dy-
namic patterns inside cell-like compartments, eventually
leading to a controlled division of these containers.SUPPORTING MATERIAL
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